The O157:H7 lineage of enterohemorrhagic Escherichia coli is a geographically disseminated complex of highly related genotypes that share common ancestry. The common clone that is found worldwide carries several markers of events in its evolution, including markers for acquisition of virulence genes and loss of physiological characteristics, such as sorbitol fermentation ability and ␤-glucuronidase production. Populations of variants that are distinct with respect to motility and the sorbitol and ␤-glucuronidase markers appear to have diverged at several points along the inferred evolutionary pathway. In addition to these variants, distinct subpopulations of the contemporary non-sorbitol-fermenting, ␤-glucuronidase-negative O157:H7 clone were recently detected among bovine and human clinical isolates in the United Stares by using highresolution genome comparison. In order to determine if these recently described subpopulations were derived from a regional or ancestral divergence event, we used octamer-based genome scanning, marker sorting, and DNA sequence analysis to examine their phylogenetic relationship to populations of non-sorbitol-fermenting, ␤-glucuronidase negative O157:H7 and O157:H؊ strains from Australia. The inferred phylogeny is consistent with the hypothesis that subpopulations on each continent resulted from geographic spread of an ancestral divergence event and subsequent expansion of distinct subpopulations. Marker sorting and DNA sequence analyses identified sets of monophyletic markers consistent with the pattern of divergence and demonstrated that phylogeographic variation occurred through emergence of regional subclones and concentration of regional polymorphisms among distinct subpopulations. DNA sequence analysis of representative polyphyletic markers showed that genome diversity accrued through random drift and bacteriophage-mediated events.
Hemorrhagic colitis is caused by a number of serotypes of Shiga toxin-producing Escherichia coli (STEC) (14) . Among the clinical STEC strains that have been isolated, a subset of enterohemorrhagic E. coli (EHEC) strains has been found which carry common sets of virulence genes that encode factors for attachment to host cells, elaboration of effector molecules, and production of two different types of Shiga toxins (22) . The sets of virulence genes are found in the locus of enterocyte effacement (LEE) pathogenicity island, lambdoid bacteriophages, and a large virulence-associated plasmid (8, 9, 23, 25, 26, 31, 32) . Population genetic analysis of EHEC and STEC strains has shown that EHEC strains comprise two divergent lineages, termed EHEC 1 and EHEC 2, that are only distantly related but apparently experienced similar pathways of virulence gene acquisition (24, 28, 38) . The EHEC 1 lineage is comprised solely of a geographically disseminated cluster of strains with related genotypes bearing O157:H7 and O157:HϪ serotypes, while the EHEC 2 lineage is serotypically and genotypically more diverse.
The O157 serotype can be found in genetically diverse populations of E. coli, apparently as a consequence of transfer of a common allele combination in the gnd-rfb region that encodes the O157 antigen (36) . Among the populations bearing the O157 serotype, only the genetically related populations in the serotype O157:H7 EHEC 1 lineage, including the derived nonmotile O157:HϪ populations (collectively referred to as O157 EHEC), carry the combination of virulence genes that includes the genes found in the LEE island, the large virulence plasmid, and the Shiga toxin-converting phages (38) . A reconstruction of the evolutionary history of this lineage suggests that it arose from transfer of the O157 gnd-rfb region into an O55:H7 enteropathogenic E. coli host bearing the LEE island and an stx2-converting prophage (11, 28, 36, 38, 39) . In subsequent steps, this ancestral population lost the ability to ferment sorbitol, was lysogenized by an stx1-converting phage, and finally acquired a mutation that inactivated the uidA gene, which resulted in a loss of ␤-glucuronidase activity (11, 39) .
The contemporary non-sorbitol-fermenting, ␤-glucuronidase-negative O157:H7 clone is the EHEC that is most frequently isolated from hemorrhagic colitis patients in the United States, Canada, Japan, and the United Kingdom. Significant numbers of nonmotile O157 EHEC strains have been recovered from samples from continental Europe and Australia (6, 15, 19, 29) . The nonmotile strains found in continental Europe are sorbitol positive and ␤-glucuronidase positive, and phylogenetic analysis suggests that they comprise a population that diverged from an ancestral intermediate of the contemporary O157:H7 clone prior to loss of the sorbitol fermentation and ␤-glucuronidase production traits (11, 19) . In contrast, nonmotile O157 EHEC strains that are commonly isolated in Australia are sorbitol negative and ␤-glucuronidase negative (29) , suggesting that they are members of a more recently derived population that diverged from the lineage after loss of the sorbitol fermentation and ␤-glucuronidase production traits.
In addition to populations of nonmotile variants, two distinct subpopulations of the widespread non-sorbitol-fermenting, ␤-glucuronidase-negative O157:H7 clone have been detected in the United States by high-resolution genome comparison (20) . Strains belonging to these two subpopulations, termed lineages I and II, appeared to be nonrandomly distributed among the bovine and human clinical isolates examined and could be distinguished by octamer-based genome scanning (OBGS) and by restriction fragment length polymorphism analysis with lambdoid phage probes. Since these studies were conducted exclusively with United States strains, it was not clear whether one or both of the subpopulations are regional subclones or whether they resulted from a more ancestral divergence event.
To determine the ancestry of the lineage I and II subpopulations, we studied the phylogenetic relationships of representative lineage I and II O157:H7 strains from the United States to O157 EHEC strains from the geographically isolated continent Australia. The phylogeny inferred from cladistic and statistical analyses of OBGS data shows that populations of O157 EHEC strains isolated from the two continents comprise two lineages corresponding to the distribution of lineage I and II United States strains, indicating that the divergence of the two lineages was ancestral and predated the arrival of the lineages on one or both continents. Results obtained by sorting polymorphic OBGS markers relative to the inferred phylogeny of the strains are consistent with this conclusion and were used to identify sets of monophyletic markers that distinguished divergence of the lineages and emergence of three independent lineage II subpopulations. Two mechanisms of phylogeographic variation were also detected, and these mechanisms corresponded to expansion of regional subclones and accumulation of regional polymorphisms in a lineage-independent fashion. DNA sequence analysis of monophyletic markers provided a set of specific genome alterations that marked divergence of the lineages and subpopulations. Sequencing of polyphyletic markers suggested that random drift in the populations is frequently a result of common alterations that randomly create or destroy OBGS priming sties and events associated with movement and recombination among lambdoid prophages.
MATERIALS AND METHODS
Bacterial strains and growth conditions. Strains used in this study and their known characteristics are shown in Table 1 . United States isolates have been described previously (10, 13, 20, 21, 33) and were chosen because they represent the genetic diversity of the strains in the United Stares that have been examined by OBGS analysis. Strains from Australia and New Zealand were chosen on the basis of temporal and spatial representation of strain collections. The set of 15 human isolates included 2 isolates from patients with hemolytic-uremic syndrome in New Zealand and 13 clinical isolates from patients with diarrhea or hemolytic-uremic syndrome in Australia (kindly supplied by R. Robins-Browne and D. Lightfoot, University of Melbourne, Parkville, Victoria, Australia). Isolates of animal origin were obtained from bovine or ovine sources in Australia during various pre-and postharvest surveys of animals. All strains were main-tained as frozen stock preparations and were minimally propagated on Luria-Bertani agar or broth. OBGS analysis. DNA was prepared from 10-ml cultures of each strain by standard methods, and 50 ng was used for each OBGS reaction. Reactions were primed with combinations of decamer primers, each of which had a 5Ј AT dinucleotide followed by a skewed octamer sequence (20) . The 5Ј AT dinucleotide, which was added to limit steric effects of the 5Ј fluorophore on annealing of the octamers, was also included in the sequences of the unlabeled octamers. For each reaction, a labeled primer (containing a leading strand-biased octamer) was combined with a cold primer (containing a lagging strand-biased octamer). The following primers were labeled at their 5Ј ends with the fluorophore IRD800 (Li-Cor, Inc., Lincoln, Nebr.): OCT3B (ATGCTGGTGG), OCT4B (ATGCTG GCGG), OCT21 (ATGCGCTGGA), and OCT22 (ATCTGCGCAA). The following unlabeled primers were used with the fluorescent primers: OCT4C (AT CCGCCAGC), OCT6C (ATGCCAGCGC), OCT12C (ATGCCGCCAG), OCT13C (ATTGCGCCAG), and OCT19C (ATCTTCCAGC). The combinations OCT3B-OCT4C, OCT3B-OCT12C, OCT4B-OCT19C, OCT21-OCT13C, and OCT22-OCT6C were used for OBGS studies. The fluorescent OBGS products were resolved by fragment analysis with Li-Cor 4200 automated DNA sequencers, and data were collected with the Global IR 2 system (Li-Cor, Inc.). Strain MC1061, a K-12 derivative, and a distantly related bovine STEC strain, AU133c, were included in the analyses to assess the ancestral condition of the markers. Band patterns were printed with an Alden 9315 thermal printer and scored as described previously (20) .
OBGS data analysis. Binary strings, representing the presence or absence of OBGS products ranging from 200 to 1,500 bases long for each strain, were constructed in Microsoft Excel spreadsheets from gel images of products obtained with individual OBGS primer combinations. The binary strings for each of the primer combinations were then added head to tail for each strain with FORMATALL, a Perl-based program that creates composite files from fragment analysis and microarray data files and generates output files compatible with PAUP and other clustering programs (Wise and Benson, unpublished data). Genetic distance was calculated by determining the mean number of character differences from all pairwise alignments of taxa, and phylogenetic trees were resolved by neighbor joining (NJ) and statistical (bootstrap) sampling of the data using algorithms in PAUP, version 4.0 (34) . Trees generated from binary strings resulting from individual primer combinations were in general agreement with the tree generated from the composite binary strings resulting from all primer combinations by both NJ and bootstrap methods.
Polymorphic OBGS markers were sorted by using macro functions in Microsoft Excel spreadsheets. The binary data were first rendered in columns for each strain by the FORMATALL program and output into a single Excel spreadsheet. The data were sorted in phylogenetic order by ranking the columns of binary data for each strain according to the position of the strain in the phylogenetic tree. When the columns were sorted in this order, polymorphic characters exhibited one of four general patterns of distribution relative to phylogeny; class I characters were lineage specific and conserved, class II characters were lineage specific and not conserved but were clustered in monophyletic groups, class III characters were lineage specific and not conserved but were distributed in polyphyletic groups, and class IV characters were lineage independent and distributed in polyphyletic groups. In sequential steps, the macro functions identified polymorphic characters, classified them in the four general patterns of distribution, rendered them as cells with different colors by conditional formatting, and grouped the polymorphisms belonging to each class for enumeration. A similar set of macro functions was iterated to identify geographical markers, except that the strains were sorted primarily by geography and were grouped secondarily on the basis of phylogeny and distribution class. The macros are available from us upon request.
OBGS band isolation and sequencing. Polymorphic OBGS products that indicated divergence of the lineages and clades were identified from images of gels in which the samples were loaded in phylogenetic order. Representative bands for each class were excised from automated sequencing gels in which electrophoresis was halted immediately after elution of the appropriate molecular weight markers past the scanning optical unit of the sequencer. The bands of interest were then localized in a gel by drying the gel on filter paper and scanning the dried gel with an Odyssey near-infrared fluorescence scanner (Li-Cor, Inc.). After localization and excision, fluorescently labeled DNA was eluted from a gel slice by boiling for 5 min in water, followed by phenol extraction and ethanol precipitation. The precipitated pellet was redissolved in 50 l of water, and 10 l was used as a template in a 20-l OBGS reaction mixture containing the primer combination and reagents that were present in the original mother reaction mixture. The reamplification products were then electrophoresed alongside the mother reaction mixtures to check band purity and efficiency of reamplification.
The reamplified products were then used as templates in a second round of reamplification performed with the following OBGS primers tailed with M13 forward (M13F) and reverse (M13R) primer sequences: M13FOCT3B (CACG ACGTTGTAAAACGACATGCTGGTGG), M13FOCT21 (CACGACGTTGT AAAACGACATGCGCTGGA), M13FOCT22 (CACGACGTTGTAAAACGA CATCTGCGCAA), M13ROCT4C (GGATAACAATTTCACACAGGGCCGC CAGCT), M13ROCT6C (GGATAACAATTTCACACAGGATGCCAGCGC), M13ROCT12C (GGATAACAATTTCACACAGGATGCCGCCAG), and ). Purified products were cloned into pTOPO (Invitrogen, Carlsbad, Calif.) and sequenced with T7 and T3 sequencing primers. DNA sequence analysis was performed for both strands. Nucleotide sequence accession numbers. The GenBank accession numbers for the DNA sequences determined in this study are AF368044 (226C-3), AF368045 (226C-4), AF368046 (3B4C-5), AF368047 (226C-13), AF368048 (226C-14), AF368049 (2212C-1), AF368050 (3B12C-2), AF368051 (3B4C-2), AF368052 (2113C-1), and AY036017 (3B4C-1).
RESULTS

OBGS analysis of United States and Australian O157:H7
isolates. To examine the genetic relationships of Australian O157 EHEC strains and United States lineage I and II O157:H7 strains, we used OBGS to analyze a set of 37 isolates obtained from cattle and humans in Australia and eight representative United States isolates belonging to each of the two lineages ( Table 1 ). The Australian strains were chosen because they represented broad ranges of temporal and spatial diversity with respect to origin and source. The United States isolates belonging to lineages I and II represented the spectrum of genetic diversity observed for strains derived from these lineages (20) . Five different OBGS primer combinations were used for each strain, and OBGS products obtained with each primer combination were converted to binary characters. Binary strings for each primer combination were added head to tail, which resulted in composite binary strings consisting of 1,159 characters for each strain. Strain AU133c, a bovinederived STEC strain that is distantly related to O157:H7 based on the distribution of OBGS polymorphisms, was included in the strain set as an outgroup.
Of the 1,159 characters scored, 258 (23%) were variable in the O157 strains tested, indicating that significant diversity was detected in the strain set. A total of 163 of these polymorphic characters were informative. As shown in Fig. 1 , NJ analysis resolved two main clusters corresponding to the distribution of lineage I and II O157:H7 strains obtained from the United States. Bootstrap values indicated that assignment of the strains to these lineages was statistically significant. Australian O157:H7 and O157:HϪ EHEC isolates occurred in both lineages, and the majority of the strains (31 of the 37 strains) exhibited higher levels of genetic relatedness to the lineage II United States isolates.
Based on a 50% cutoff for significance, each of the major clusters was significant, suggesting that the two lineages could be divided into five clades (clades A to E) that were segregated primarily by lineage and secondarily by geography. This pattern of inferred phylogeny suggests that the two lineages previously detected in the United States (20) are not regional subpopulations but instead are descendants resulting from an ancestral divergence event that preceded geographic dissemination. The presence of the HϪ character state in most strains in clade B and all strains in clade D implies that loss of motility is associated with divergence of these clades from their lineage I and II ancestors.
Genetic markers and phylogeny of United States and Australian O157:H7 and O157:H؊ EHEC strains. If the clades inferred from the phylogenetic analysis indeed constitute distinct subpopulations, then signatures that indicate their phylogeny and diversification should be present and observable in polymorphic OBGS products. To mine the putative signatures from the OBGS data, we developed a marker-sorting method that identified and quantified polymorphisms with monophyletic and polyphyletic distributions. This method required classification of polymorphisms into four classes, classes I to IV, based on four possible patterns of distribution relative to userspecified groups. Relative to phylogeny, the four distribution classes are shown in Fig. 2 ; to obtain the data, the OBGS samples were loaded in inferred phylogenetic order on the gel.
The first three classes of polymorphisms, classes I to III, occurred exclusively in an inferred lineage. Class I bands were conserved in all members of the lineage. If the predicted phylogeny is valid, the exclusiveness and conservation of class I bands in all members of a lineage imply that the bands were derived from ancestral genome alterations fixed by periodic selection during divergence of two lineages. Class II bands were conserved in monophyletic groups of strains in a lineage, and their distribution relative to the inferred phylogeny implies that they arose from genome alterations that occurred after lineages diverged. The class III bands were lineage specific but were distributed among polyphyletic groups in a lineage. The simplest explanations for the distribution of these bands are that they originated from genetic drift among alterations ancestral to the lineage and that they originated by lateral spread of common alleles in members of a lineage. Lastly, class IV bands were lineage independent. These bands can be explained by monophyletic alterations that resulted in loss of a band and by random drift in sequences that were ancestral to both lineages.
In order to identify and quantify each occurrence of bands marking class I to IV events in the OBGS data set, we next devised a method to identify and sort polymorphic addresses in the composite binary data using macro functions in Microsoft Excel to execute the sorting process. The columns of binary data for each strain were first ranked numerically according to the relative position of the strain in the NJ tree in Fig. 1 . Polymorphic addresses were then identified, classified, and grouped by class. The image that resulted from sorting polymorphic characters present in at least three strains is shown in Fig. 3 .
Like the pairwise alignments of the binary strings from the NJ analysis, the sorting functions identified 258 of the 1,159 total binary addresses that were polymorphic in the O157 strains. Of the 258 polymorphisms, 148 occurred in at least three strains and were further enumerated. Class I characters represented 15 of the 148 polymorphisms. Assuming that the inferred phylogeny is valid, the relatively large number of class I events that marked divergence of the lineages suggests that the lineages are significantly divergent, and the presence of shared class I polymorphisms in both Australian and United States isolates is consistent with the hypothesis that divergence of two lineages was an ancestral event that preceded geographic dissemination. Of the 22 class II polymorphisms, 8 were found exclusively in each member of clade C, D, or E. These clade-specific polymorphisms would be expected if the clades arose through recent clonal expansion of lineage II subpopulations. Since clade D is comprised entirely of O157:HϪ strains from Australia, the geographic, phenotypic, and genotypic similarities suggest that this clade could be a regional subclone unique to Australia. In contrast to the lin-eage II clades, monophyletic markers did not distinguish clades A and B. If OBGS sampling of the genome was random and if the lineage I strains were representative of the populations found on each continent, the limited genetic diversity could indicate that lineage I strains arrived more recently on one or both of the continents studied.
Polyphyletic pattern of genome variation and phylogeographic variation. Relative to the inferred phylogeny, monophyletic markers comprised only about one-fourth of the polymorphisms that were detected and accounted for the phy-logenetic signal that distinguished only three of the five clades. If we excluded three class III polymorphisms and 11 class IV polymorphisms that could be explained simply by loss of an OBGS product from monophyletic clusters of strains, the remaining 97 polymorphic OBGS products were distributed among polyphyletic groups of strains. The ratio of monophyletic polymorphisms to polyphyletic polymorphisms implies that genome diversification occurred rapidly by random drift and accumulation of common alleles and that selection only periodically fixed alleles in subpopulations. Since clades A and B are geographically separated and were supported by significant bootstrap values, we next asked whether they could be distinguished by region-specific polymorphisms that were class III or IV polymorphisms. This question was examined by sorting the data first by geography and then by inferred phylogeny. The results obtained when we sorted polymorphic markers that were present in three or more strains and were found only in United States or Australian strains are shown in Fig. 4 . We identified 14 polymorphisms that were found only in United States strains and 29 polymorphisms that were found only in Australian strains. Six of the polymorphisms in the United States strains and five of the polymorphisms in the Australian strains were the same class II polymorphisms shown in Fig. 3 that distinguished the geographically separated clusters of strains in clade C and all of the strains in clade D. The remaining geographic polymorphisms were class III and IV markers; these markers included two class IV markers that were found only in all United States strains and four class IV markers that were present in all clade B strains and most other Australian strains. If it is assumed that the phylogeny is valid, the mono-and polyphyletic patterns of geographic distribution suggest that there are independent modes of phylogeographic variation. The first mode can be explained simply by clonal expansion of a subpopula- tion, such as clade D, perhaps due to its ability to occupy a unique niche. The second mode appears to arise from concentration of geographic alleles in populations derived from both lineages, probably as a consequence of the populations occupying a regional niche. DNA sequence analysis of monophyletic lineage markers and clade divergence. In order to identify the nature of the OBGS polymorphisms that resulted in the inferred patterns of phylogeny, we purified, cloned, and sequenced representative monophyletic polymorphisms that distinguished the two lineages and the three lineage II clades. Bands were purified from OBGS reaction mixtures by using a two-dimensional y-axis scanner to locate the bands in gels in which migration had been stopped prior to migration of the bands past the optical unit of the sequencer. After excision, purification, and reamplification, the labeled reamplified products were then checked for FIG. 4 . Sorting of polymorphic OBGS products by geography. Binary coding of the presence or absence of bands in five OBGS reaction mixtures was rendered in geographic order and secondarily in phylogenetic order by sorting functions in Microsoft Excel. Only the geographyspecific polymorphic addresses present in three or more strains are shown. The cells containing geographic bands were rendered in different colors by conditional formatting functions according to the class of distribution relative to phylogeny (red, class I; pink, class II; green, class III; blue, class IV). The order of the strains is indicated on the left. purity by electrophoresis alongside the mother reaction mixture preparations from which they were originally excised ( Fig.  5 ). Once their identities were confirmed, the reamplified products were tailed, cloned, and sequenced. The DNA sequences were then compared to the genome sequences of the lineage I EDL933 O157:H7 strain, (Fig. 1) , the Sakai O157:H7 strain (17, 27) , and the MG1655 K-12 strain (1a).
To identify an event associated with the inferred divergence of the lineages, a pair of class I polymorphisms was chosen from the OCT22-OCT6C combination. The DNA sequences of bands from strains 93-001 (lineage I) and FRIK920 (lineage II) were nearly identical and spanned the intergenic region between the divergent folD and sfmA genes. The sequence from 93-001 (accession number AF368044) was identical for the entire length of the fragment to the sequences from the EDL933 and Sakai O157:H7 strains. The lineage II strain sequence (accession number AF368045) had an eight-base duplication and a single additional base flanking the duplication. The duplicated region began 129 bases upstream of folD and apparently was a derived region in lineage II since the duplication was not present in the MG1655 sequence. This polymorphism is a convenient marker of the lineage II clone because it has been found in all of the lineage II strains examined but has not been found in the lineage I strains that we have tested to date (Kim and Benson, unpublished data). Whether the duplication actually influences transcription from either of the promoters or confers a significant phenotype requires further study. We designated this marker of lineage divergence 226C-4.
In order to identify events that mark clonal expansion of lineage II clades C, D, and E, we purified and cloned class II polymorphic OBGS products found only in all members of each clade. The clade C-specific band, obtained with primer combination OCT3B-OCT4C, yielded a sequence (accession number AF368051) that showed no significant similarity to sequences in the EDL933 or Sakai genome or to any entries in the BLAST databases. Southern blot analysis using a labeled PCR product amplified from the cloned fragment identified a strongly hybridizing 700-base EcoRV fragment that was present in each clade C strain but not in any other strain (data not shown). Evidently, this polymorphism, designated 3B4C-2, marks a gene acquisition event that was associated with divergence of the clade C subpopulation from its lineage II ancestor, or it arose by lateral spread in a subpopulation of lineage II strains.
Two polymorphic bands obtained with the OCT22-OCT6C primer combination were selected as clade D markers. These two bands, approximately 1,100 bases long, had contrasting patterns of distribution. The DNA sequences of the band from clade C strain AU6 (accession number AF368047) and the larger band from clade D strain AU1808 (accession number AF368048) were sequences from the leuL-leuO region. The sequence obtained from the clade D band had an additional CTA triplet located in a conserved region consisting of four tandem CTA repeats in the clade C sequence and in the EDL933, Sakai, and MG1655 genome sequences. These triplets comprised leucine codon repeats in the leuL leader peptide that are involved in attenuation of leuABCD expression (37) . Expression of this biosynthetic pathway is modulated, in part, by attenuation, and minor increases in the length of the leucine codon repeats apparently have a modest effect on the threshold level of leucine necessary for induction (1) . We designated this derived clade D marker leuL(CTA) 5 .
DNA sequence analysis of the clade E-specific band, obtained with primer combination OCT3B-OCT4C, showed that it originated from the gatC gene, which encodes enzyme IIC of the dulcitol-specific phosphotransferase system transporter. The sequence of the band, designated 3B4C-5 (accession number AF368046), was identical to the EDL933 and Sakai O157:H7 genome sequences for the entire length of the cloned FIG. 5. Purification and reamplification of the class I OBGS product. The excised class I polymorphic bands obtained with the OCT22-OCT6C primer combination were purified from the reaction products of strains 93-001 and FRIK920 and were reamplified (Reamp) with the same primer combination. The reamplification products were then electrophoresed alongside the original OBGS reaction mixtures to check for purity. The arrows indicate the positions of the reamplified bands that comigrated with the bands in the mother reaction mixture preparations from which they were excised.
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PHYLOGEOGRAPHIC VARIATION IN O157 EHEC fragment, including the OCT3B and OCT4C priming sites. Since nucleotides present in the EDL933 and Sakai genome sequences 5Ј to the OCT3B and OCT4C priming sites do not match the 5Ј AT spacer dinucleotide in the OBGS primers, it is possible that clade E strains have one or more mutations which bring the adjacent nucleotides into complementarity with the 5Ј AT dinucleotides of the primers. Alternatively, it is also possible that some epigenetic phenomenon, such as base modification, could prohibit annealing of the primers to nonclade E DNA at these positions. DNA sequence analysis of polyphyletic genome alterations. Since clades A and B are distinguished from one another by geographic polymorphisms, we cloned and sequenced a class IV band obtained with primer combination OCT3B-OCT12C, designated 3B12C-2 (accession number AF368050), that was found only in Australian strains except clade D strains AU1808, AU1809, AU1817, and AU1822. There was no apparent band obtained with the same primer combination for the opposing pattern of distribution. The 3B12C-2 sequence aligned with a segment of the EDL933 and Sakai genome sequences spanning the folB and bacA genes, which encode dihydroneopterin aldolase (16) and a putative undecaprenol kinase that confers resistance to bacitracin at a high copy number, respectively (3). Four single-nucleotide polymorphisms (SNPs) were present in the 3B12C-2 sequence compared to the EDL933 and Sakai sequences, but six SNPs were conserved in the 3B12C-2, EDL933, and Sakai sequences compared to the MG1655 sequence, supporting the notion that unique positions in the 3B12C-2 marker were derived and that the allele was probably not acquired. Two of the derived SNPs in clade B are silent, while the other two result in an isoleucineto-threonine substitution at position 26 of the bacA open reading frame (ORF) and a valine-to-alanine substitution at position 314 of the folB ORF. In addition to the internal SNPs, sequences obtained from the 3B12C-3 band and the EDL933 and Sakai genomes also diverged immediately upstream of the OCT3B and OCT12C binding sites, suggesting that mismatches with the AT dinucleotide spacers of the octamer primers are probably the reason why the band did not appear to be amplified from EDL933 and other United States strains or K-12 control strain MC1061 in our OBGS reaction mixtures.
In addition to polyphyletic polymorphisms that distinguished clades A and B, we also sequenced randomly chosen class IV and III bands to gain further insight into the genetic basis for the seemingly large degree of random drift detected by OBGS. One of the class IV OBGS products, obtained with the OCT21-OCT13C combination, yielded a 490-base sequence (accession number AF368052) that had a C-T mismatch at position 321 of the L0079 ORF encoding the ssb gene of phage 933W. The mismatch was in the OCT21 octamer priming site and probably prohibited binding of the OCT21 primer in EDL933 and the other 30 strains in our strain set lacking this polymorphic band. However, relative to the Sakai genome, 322 bases at the 3Ј end of the band aligned with two different prophage elements, but no alignments were observed in the 166 bases at the 5Ј end, indicating that several different types of events could account for the absence of this band.
The two class III bands that were selected also yielded sequences homologous to prophage and chromosomal genes. A class III polymorphism obtained with the OCT22-OCT12C combination, present in FRIK920, FRIK1574, FRIK1988, AU514, AU1820, AU1810, and AU1811, yielded a segment from clade C strain FRIK920 (accession number AF368049) that was derived from the ybgH gene of the EDL933, Sakai, and MG1655 sequences encoding a putative oligopeptide transport protein. Two SNPs were found in the FRIK920 sequence compared to the O157:H7 genome sequences; one was an A-to-T substitution at position 351 of the ybgH coding region, which created a premature stop codon, and the other was a C-to-T substitution 43 bases upstream of the ybgH start codon that was within the OCT22 primer itself. In addition to the SNPs found only in FRIK920, 17 additional SNPs were conserved in the FRIK920 sequence and other O157:H7 sequences compared to MG1655, indicating that the FRIK920 allele is likely to be a derived allele. It is tempting to speculate that the random occurrence of the 22-12C marker could reflect a propensity for the Ϫ43 C-to-T substitution, perhaps as a result of frequent cytosine deamination, creating an OCT22 priming site.
An additional class III band, 3B4C-1, was obtained with FRIK1988, AU1514, AU1811, and AU1820 in clade E, and this band exhibited a complex pattern of homology to prophages in the EDL933 and Sakai genome sequences. This 311base fragment, obtained with the OCT3B-OCT4C combination (accession number AY036017), showed significant homology to a 122-base region of the Z1842 ORF of cryptic prophage CP933-C in EDL933 and the corresponding position in the Sakai O157:H7 genome but limited homology in the sequences flanking this segment. An intact OCT4C priming site was present at the corresponding end of the CP933-C sequence but not at the OCT3B priming site. Evidently, the polymorphic band originated from unique prophages residing in the FRIK1988, AU1514, AU1811, and AU1820 genomes or from a recombination event that occurred at some point in the evolution of some clade E strains. The significant diversity of the prophage contents of the O157:H7 genome sequences of EDL933 and Sakai (17, 27) and the diversity that can be determined by restriction fragment length polymorphism analysis with lambdoid phage genome probes (7, 20, 30) suggest that movement and recombination among prophages are significant mechanisms of genome diversification. It will be interesting to conduct a formal analysis of the frequency at which recombination within prophages and insertion-excision of lysogenic bacteriophages participate in genome diversification.
DISCUSSION
Comparative genome analyses of sorbitol-negative, ␤-glucuronidase-negative E. coli O157:H7 strains previously showed that two distinct lineages could be detected in the United States (20) . In this study, we found that the divergence of these lineages was probably an ancestral event that preceded geographic dissemination. This conclusion was based on phylogenetic inferences from OBGS data, the distribution of genome alterations detected by OBGS, and the nature of alterations in representative loci that mark the pattern of descent.
Because we sorted markers using the inferred phylogeny and identified conserved polymorphisms using the same phylogeny, the apparent circularity indicates that it is formally possible that some other process is responsible for the distribution of markers. For example, class I and II polymorphisms could be a result of lateral spread of mobile elements among different populations rather than a result of a stepwise pattern of vertical descent. However, the nature of the representative monophyletic alterations that were determined argues against this hypothesis being the sole explanation for the data since the class I polymorphism and two of the three class II polymorphisms are derived states in chromosomal genes and are not linked to mobile elements. Furthermore, sequence analysis of additional class I markers, identified in our laboratory as part of a systematic identification of all conserved markers of lineage divergence, showed that each marker is in an independent locus (Kim and Benson, unpublished) , implying that the markers most likely originated through stepwise descent rather than convergent evolution. Although each of the additional class I markers represents an independent event, nearly one-half of them resulted from gene acquisition events, movement of insertion sequences, and movement or recombination within prophage, implying that the conserved polymorphisms comprise a mosaic of mutation, recombination, and acquisition events fixed by one or more selective bottlenecks.
Extended model for evolution of extant O157 EHEC populations. Based on the inferred phylogeny and the evidence that vertical descent of conserved markers occurred, we propose extension of the evolutionary model for contemporary O157:H7 populations (11) to include additional steps subsequent to the emergence of the sorbitol-negative, ␤-glucuronidase negative ancestor (Fig. 6) . The most recent common ancestor of contemporary E. coli O157:H7 populations, designated A6 by Feng et al. (11) , is believed to have been derived from an LEE ϩ Stx2 ϩ O157:H7 ancestor, designated A3, through a stepwise sequence of events that included lysogenization by an stx1-converting phage, acquisition of the TAI locus encoding tellurite resistance and the Iha adhesin, and sequential loss of sorbitol fermentation and ␤-glucuronidase production (11, 35) . Evolution from A3 to A6 can be inferred from multilocus genotyping data, as well as from cumulative character states in the uidA alleles of A3, A5, and A6 descendants (11) , culminating in a dinucleotide insertion at position 685 observed in the EDL933 and Sakai genomes that apparently inactivated the gene in A6 descendants (17, 27) . Prior to these events, a nonmotile lineage diverged from A3, leading to ancestor A4 of populations of sorbitol-fermenting, ␤-glucuronidase-positive O157:HϪ strains that have been found in continental Europe (11, 19) .
When our OBGS data are included, an additional population, which descended from the A6 ancestor, must be included to provide a simple explanation for the data. Descendants resulting from this divergence event comprise the lineage I (A6) and lineage II (A7) populations, and assignment of lineage I and II descendants to the A6 (ancestral) and A7 (derived) lineages is based on the DNA sequence of the class I polymorphism, showing that it is a derived polymorphism in lineage II. Consistent with this assignment, three of eight class I polymorphic bands found only in lineage I strains are also obtained with outgroup strain AU133c, and sorting of markers obtained from a larger set of United States strains identified additional class I bands shared by lineage I and K-12 (Wise and Benson unpublished). Given the number of class I OBGS polymorphisms like 226C-4 that mark this event, the A7 ancestor emerged either from a highly divergent subpopulation through a single periodic selection event or descended through sequential bottlenecks. By understanding the nature of class I alterations, we hope to gain further insight into unique physiological and ecological characteristics of A6 and A7 descendants and the events that led to their divergence. (11) . Each oval represents a progenitor, and evolution proceeds from left to right from ancestral to contemporary states. The A3 to A6 ancestors are designated as described by Feng et al. (11) . The markers of events are indicated as follows: Sor Ϫ , inability to ferment sorbitol; uidA Ϫ , loss of ␤-glucuronidase activity; TAI, acquisition of the tellurite resistance-adherence island (35) . Specific polymorphisms marking the divergence of A7 and clades A to E are described in the text.
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PHYLOGEOGRAPHIC VARIATION IN O157 EHEC After A6 and A7 populations moved to the different continents, several subpopulations apparently emerged, some of which, such as clades C, D, and E, are marked by monophyletic polymorphisms detected by OBGS. Since multiple class II markers were detected in each of these clades ( Fig. 3) and since no class II markers were found only in two of the three clades, we suggest that each clade may have arisen independently from the common A7 ancestor, perhaps through independent selective bottlenecks. Clade D may have arisen through a regional bottleneck since it comprises only Australian strains. This clade is distinct from the populations of nonmotile O157 EHEC that descended from A4 because of its sorbitol and ␤-glucuronidase phenotypes and the presence of the TAI island, which was detected in all descendants of A6 and A7 in this strain set (Nietfeldt and Benson, unpublished data). Examining the distribution of the clade D markers, such as leuL(CTA) 5 , in non-sorbitol-fermenting, ␤-glucuronidasenegative O157 EHEC strains should provide data regarding the geographic distribution of this clade.
In contrast to the A7 descendants, the A6 descendants in clades A and B showed only limited genetic diversity and were differentiated from each other primarily by sets of polymorphisms that were polyphyletic but conserved or nearly conserved with respect to geography. We speculate that this pattern of diversity reflects regional selection imposed on populations of lineage I strains that recently arrived on either or both of the continents studied. Testing this hypothesis, however, will require analysis of larger sets of strains.
Distribution of human and bovine isolates. Although descendants of both the A6 (lineage I) and A7 (lineage II) ancestors were detected among the Australian strains, most of the strains tested, including several human clinical clade D and E strains from Australia, were derived from the A7 ancestor. This finding is in contrast to the results of OBGS analysis of human and bovine O157:H7 strains from the United States, where few human isolates were observed among lineage II strains (20) . There are several possible explanations for the observed differences. First, although in these studies we used strains that are temporally and spatially diverse in terms of their origins, it is possible that the differences reflect bias in the relatively small sets of strains. A second possibility is that differences in animal production and food preparation practices between the two countries studied contribute to bias in transmission. And finally, it is also possible that clade D and E strains have virulence properties that are distinct from those of their clade C counterparts. It is worth noting that most bovine strains from the United States that have been tested by the OBGS method cluster with the clade C strains, while the United States clade E strain is closely related to the few human lineage II isolates identified in the United States studies (20) . We are currently devising a multiplex assay, based on class I and II polymorphisms, which will provide a rapid method for strain classification that can be used to statistically evaluate the differential virulence hypothesis.
Generation of genome diversity. Although the small set of class III and IV polymorphisms that we sequenced does not allow quantitative conclusions, the fact that we identified alterations in two different genomic sequences and two different prophage sequences implies that variation in each sequence contributed to genome diversification. The polyphyletic alter-ations detected in genomic sequences appear to be SNPs that create or destroy OBGS primer binding sites, and the results of comparisons of SNPs inside these regions are consistent with the hypothesis that the alleles are derived. Among the polyphyletic alterations detected in prophage sequences, we found one example of a polymorphism that arose either from lysogenization by a unique phage or by a recombination event that generated a chimeric segment in a resident cryptic prophage. Due to the high degrees of similarity among prophages and cryptic prophages that reside in O157:H7 genomes (17, 27) , the diversity of prophage contents of different strains (7, 17, 20, 27, 30) , and the modular nature of phage genomes (2, 4, 5) , it is difficult to determine whether polymorphic OBGS products carrying chimeric prophage sequences arise from integration and excision of lysogenic phages or by recombination. Several of the class III and IV polymorphisms can be found in common sets of polyphyletic strains, which supports the view that the polymorphisms are physically linked and arise from movement of phages into and out of the genome. On the other hand, recombination events in prophage sequences could also appear as linked sets of class III and IV polymorphisms since highly conserved modules of phage genomes from similar and diverse hosts can vary significantly in length (2, 4, 5, 12, 18) . Regardless of the precise mechanism of phagemediated variation, it seems that infection of strains by bacteriophages is common and offers significant opportunities for lysogenization and recombination events to occur since the populations occupy phage-dense environments, such as the rumen.
Whether diversification occurs in prophage or genomic sequences, some of the drift may not be present in entirely random groups of strains. As demonstrated by sorting of the OBGS polymorphisms primarily by geography ( Fig. 4) , we identified different types of phylogeographic variation. The apparent clonal expansion of clade D, which comprises only Australian strains, is the first type. In contrast, the geographyspecific class IV polymorphisms that distinguish clades A and B may be a second mechanism of phylogeographic variation, in which provincial selective pressures concentrate regional alleles or common alterations in genetically distinct populations that occupy a common niche. Such information is not readily apparent when data are sorted by inferred phylogeny alone. The fact that geographic distributions of class IV markers can be detected brings up the possibility that additional patterns of selection and/or allele concentration may be represented among the class III and IV alterations and may be previously unrecognized patterns of selection or common ecological characteristics. Implementing additional algorithms for data sorting and analysis of extensive OBGS fragment data may provide additional tools to identify shared physiological and ecological characteristics of strain sets and may ultimately help workers identify unique signatures of selection.
